Background Antimalarial drugs such as chloroquine (CQ) and hydroxychloroquine (HCQ) are mainly used in the treatment of rheumatologic diseases, and their use may be associated with irreversible retinal toxicity. Previous studies indicate early paracentral visual field loss (Humphrey 10-2) in patients taking HCQ". These paracentral defects appear before changes in other clinical parameters as visual acuity and fundoscopy. The mechanism of CQ toxicity remains unclear. It was reported that toxic doses of CQ administered for as long as 4.5 years to Rhesus monkeys caused an initial dramatic effect on ganglion cells, followed later by photoreceptors and RPE degeneration. The purpose of this study is to explore early retinal functional changes measured by frequency-doubling technology (FDT) in patients treated with hydroxychloroquine (HCQ). Methods Forty-eight eyes of 48 subjects treated with hydroxychloroquine (HCQ), with no signs of retinal toxicity, and 36 eyes of 36 age and sex-matched healthy subjects were enrolled in this cross-sectional, prospective, observational, case control study. Functional testing included frequency-doubling Humphrey-matrix perimetry (FDP), white-on-white Humphrey visual field perimetry (HFA), using the 24-2 and 10-2 threshold programs, multifocal electroretinogram (mfERG, Veris 4.9) and low contrast sensitivity (CS) measurement. Results FDP mean deviation (MD) was found to be significantly reduced in HCQ-treated patients compared to controls both in the 24-2 (−1.38±2.41 dB vs 0.21±1.83dB, p<0.01) and in the 10-2 program (−0.97 ±2.88 dB vs 0.15± 1.72dB, p<0.01). FDP pattern standard deviation (PSD) was found to be significantly worse in HCQ-treated patients compared to controls both in the 24-2 (2.70±0.65 dB vs 2.41±0.31 dB, p<0.01 and in the 10-2 program (2.86± 0.48 dB vs 2.48 ±0.39 dB, p<0.01). HFA PSD and CS was also significantly reduced in HCQ patients, while response amplitude densities (RAD) were similar between patients and controls. A statistically significant difference in the ratio of the 5°-10°RAD and the 0°-2.5°RAD (0.31±0.08 vs 0.36±0.07 respectively, p<0.05) was found between groups. Conclusion Frequency doubling perimetry could be useful to detect early retinal impairment in patients treated with hydroxychloroquine.
Introduction
Chloroquine (CQ) and hydroxychloroquine (HCQ) are currently used in the treatment of malaria and in treatment of rheumatologic diseases such as rheumatoid arthritis, systemic lupus erythematosus, sarcoidosis, dermatomyositis and Sjögren disease [1] .
Retinal toxicity represents the major and potentially most serious irreversible side-effect of this type of treatment, occurring in approximately 10-20% of patients who received CQ and in 3% of patients who received HCQ therapy [2] [3] [4] [5] .
Hystological analysis of human and animal retinas with CQ toxicity has shown multilamellar structures through the retina, followed by loss of retinal ganglion cells (RGCs), photoreceptors and retinal pigment epilthelium (RPE) atrophy. The accumulation of these multilamellar structures was thought to result either from inhibition of lysosomal phospholipases or from inhibition of protein synthesis [6, 7] Funduscopically, the early stages of retinal toxicity can be characterized as a reversible loss of foveal reflex, followed by a development of abnormalities of the retinal pigmented epithelium (RPE) associated with paracentral scotomas, and, in the advanced stage, by the classical bull's eye maculopathy, associated with a central scotoma and visual acuity (VA) loss [8, 9] .
Anatomically, a retinal nerve fiber layer (RNFL) loss has been shown in patients under long-term CQ treatment compared to healthy subjects [10, 11] .
Nevertheless, the identification of early functional retinal impairment of CQ/HCQ retinal toxicity appears to be difficult before the development of anatomic changes at fundoscopy and symptomatic loss of vision.
Examination tests that are commonly used in evaluation of CQ/HCQ retinal toxicity include Amsler grid, VA testing, ophthalmoscopy and visual field testing [9, 12, 13] .
Standard achromatic perimetry is considered more sensitive in the early detection of functional changes than VA, color test and retinal changes at fundoscopy [13, 14] .
Functional retinal changes, such as contrast sensitivity [14] and multifocal electroretinographic (mfERG) response abnormalities [15, 16] , have been detected at early stages in HCQ-treated patients, even in the preclinical phases.
Recently, frequency-doubling perimetry (FDP) has been introduced as a visual field testing technology that allows selective stimulation of the low redundant magnocellular sub-population of ganglion cells, allowing early detection of glaucoma functional loss [17] .
The aim of this study is to explore early retinal functional changes measured by frequency-doubling technology (FDT) in patients treated with HCQ.
Material and methods
Patients treated with HCQ for rheumatological diseases were included in this cross-sectional case-control study. Healthy subjects were included in the control group. The study was carried out in accordance with the Declaration of Helsinki, was approved by the ethics committee of the institution and written informed consent was obtained from all enrolled subjects.
The inclusion criteria for patients included: treatment with HCQ for at least 3 months, age >18 years and transparent ocular media.
Control subjects needed to meet the following inclusion criteria: no history of treatment with HCQ, age >18 years and clear lens.
The exclusion criteria were the same for both groups: spherical refractive error >±6 diopters, astigmatism >±3 diopters, any active or past retinal pathologies (including diabetic retinopathy or age-related macular degeneration), diagnosis of glaucoma or ocular hypertension (intraocular pressure >22 mmHg), opacities of optic media that could bias functional and structural retinal testing, history of ocular surgery.
All subjects underwent a complete ophthalmologic examination including: best-corrected visual acuity (BCVA) with Early Treatment Diabetic Retinopathy Study (ETDRS) charts at 4 meters, contrast sensitivity (CS) with MultiContrast Sloan Letter Flip Book at 2 meters testing over a range of contrasts to 100%, 25%, 10%, 5%, 2,5%, 1,25%. Goldmann applanation tonometry, slit-lamp examination and indirect ophthalmoscopy were also performed. Functional testing included frequency-doubling Humphrey-matrix perimetry (FDP, Carl Zeiss Meditec), white-on-white Humphrey visual field perimetry (HFA, Carl Zeiss Meditec, Dublin, CA, USA), and multifocal electroretinogram (mfERG, Veris 4.9). The primary objective was to explore by FDP a possible retinal sensitivity reduction in HCQ-treated patients. Secondary objectives included the evaluation of additional functional retinal changes at HFA and mfERG, and the influence of the duration of the therapy on the functional retinal impairment.
Functional testing
All enrolled subjects performed two FDP tests within 2 weeks using the 24-2 and 10-2 threshold program, in order to assess the test-retest variability and to rule out a relevant learning curve [18] . In addition, subjects performed two white-on-white 24-2 and 10-2 SITA standard HFA tests. Reliability criteria were defined as fixation errors <15%, false-positives and false-negatives <15%. If the second test was unreliable, a third exam was performed and considered for statistical analysis. In the case of a third unreliable test, the subject was excluded from the study. Mean deviation (MD) and pattern standard deviation (PSD) values were considered for the analysis.
Contrast sensitivity was performed with Multi-Contrast Sloan Letter Flip Book at 2 meters.
These charts are retroilluminated, presented in a dark room, and allow testing over a range of contrasts (1.25%, 2.5%, 5%, 10%, 25%, and 100%). They use a logarithmic progression of letter size (0.1 per row), a constant number of letters per row, and letters of equal legibility, making task difficulty constant regardless of the level of acuity tested. Testing was conducted monocularly in the study eye at 2 m under the same mesopic luminance level for all subjects. Patients were tested with the best optical correction, and results are reported as the logarithm of the logMAR.
VERIS Clinic™ 4.9 (Electro-Diagnostic Imaging, San Mateo, CA, USA) was used for mfERG assessment, using a previously published method [19, 20] . In all patient and control eyes, mfERG was recorded in the presence of dilated pupils with 1% tropicamide.
The average response amplitude densities (RAD in nanovolt/degree [2] ) between the first negative peak, N1, and the first positive peak, P1 obtained from five concentric anular retinal regions (rings) centered on the fovea were analysed. The N1-P1 RADs derived from 0 to 2.5 degrees (ring 1, R1), from 2.5 to 5 degrees (ring 2, R2), from 5 to 10 degrees (ring 3, R3), from 10 to 15 degrees (ring 4, R4) and from 15 to 20 degrees (ring 5, R5) were also investigated. Furthermore, the ratio between R3/R1 and R2/R1 was calculated and compared between groups.
A signal-to-noise ratio of ≥3 was accepted for mfERG measurements.
Statistical analysis
Demographic and descriptive data were expressed as mean ± standard deviation (SD).
Normal distribution of data was assessed by the Shapiro-Wilk test. The right eye was arbitrarily chosen for statistical analysis. Frequencies of categorical variables were compared between groups by Chi-squared and Fisher's exact test as appropriate. Comparisons of continuous variables between groups were performed by independent samples t-test or Mann-Whitney U test as appropriate.
The relationship between functional parameters and duration of HCQ treatment was explored by linear regression analysis.
It has been reported in the literature that HCQ retinal toxicity is correlated with the dose of the drug per body weight, and the American Academy of Opthalmology considers 6.5 mg/kg/day to be the highest safe dose of treatment, at least in the first 5 years [5] . We then compared retinal sensitivity between patients that received a dose of HCQ >6.5 mg/kg//day with those that received a dose <6.5 mg/kg/day in our sample population.
With 84 patients enrolled in the study, the power to detect a 1.5dB difference of FDP mean deviation between groups was 80%, with a standard deviation of 2.4 and a type II error set at 0.05. The analysis was performed using JMP 7.0 (SAS Institute Inc. Cary, NC, USA)
Results
Forty-eight patients treated with HCQ (51.40±11.57 years, range 27-69, M/F 12/36) and 36 age-and sex-matched healthy control subjects (47.7±10.50 years, range 27-69, M/F 7/29) were included in the analysis.
Most of the included patients suffered from rheumatoid arthritis (91.7 %), and only four patients (8.3 %) from systemic lupus erythematosus.
Patients were treated with HCQ at a dosage of 400 mg/ day for an median time of 36 months (range 3.5 months to 156 months).
Age, BCVA and IOP values were similar between groups. (Table 1) FDP MD was found to be significantly reduced in HCQtreated patients compared to controls, both in the 24-2 (−1.38±2.41 dB vs 0.21±1.83 dB, p<0.01) and in the 10-2 program (-0.97 ±2.88 dB vs 0.15±1.72 dB, p<0.02). The relationship between 24-2 HFA MD and FDP MD is presented in Fig. 1 .
FDP pattern standard deviation (PSD) was found to be significantly worse in HCQ-treated patients than in controls both in the 24-2 (2.70 ±0.65 dB vs 2.41±0.31 dB, p<0.01) and in the 10-2 program (2.86±0.48 dB vs 2.48 ±0.39 dB, p<0.01).
HFA PSD was found to be significantly worse in HCQ-treated patients compared to controls in 24-2 program (1.54±0.34 dB vs 1.40±0.33 dB, p<0.05) Fig 2. HFA MD 24-2, HFA MD 10-2 and HFA PSD 10-2 were similar between patients and controls.
The CS was found to be significantly reduced in HCQtreated patients compared to controls at the range of .70) . Furthermore, the mean amplitude ratio of R3/ R1 and R2/R1 between the groups has been explored, and a statistically significant difference between HCQ-treated patients and controls was found for the R/3/R1 ratio (0.31± 0.08 vs 0.36±0.07 respectively, p<0.05), but not for the R2/ R1 ratio (0.51±0.09 vs 0.54±0.09 respectively, p=0.22).
No significant linear relationship was found between any functional parameters and the duration of therapy. The R [2] of FDP 24-2 MD and PSD versus treatment duration was 0.05 (p=0.12) and 0.06 (p=0.09) respectively.
Differences between functional parameters obtained with FDP, HFA and mfERG were evaluated by dividing the patients according to the duration of the HCQ therapy. Patients were divided into three groups: patients taking HCQ for less than 36 months (26 patients, group 1), patients taking HCQ for more than 36 months (22 patients, group 2) and healthy control subjects (36 patients, group 3). The value of 36 months was chosen as the cut-off time because it was the median value of treatment duration in our sample.
FDP and HFA parameters were found to be significantly different between each HCQ group and controls. Moreover, FDP and HFA parameters were found to be worse in patients treated for a longer time than in patients treated for ashorter time (<36 months). (Tables 2, 3) Furthermore, FDP MD was found to be statistically significantly different between patients treated with a dosage of HCQ >6.5 mg/kg/day compared to patients treated with lower dosage (−2.43±2.13 vs −0.75±1.95 dB respectively, p<0.05). No significant differences were detected in FDP PSD (2.9±0.65 vs 2.71±0.71 dB respectively p=0.13) or HFA global indices (MD: −1.61±1.2 vs 1.52±1.16 dB , p=0.73; PSD: 1.77±0.49 vs 1.47±0.25 dB respectively, p=0.08).
Discussion
This study supports previous knowledge of an early retinal functional impairment in HCQ-treated patients without any clinical retinal abnormalities.
We found that HCQ-treated patients, without any clinically detectable RPE abnormalities, showed a decreased threshold of retinal sensitivity as measured by FDP and HFA. FDP mean deviation and pattern standard deviation have been found to be significantly worse in the treated patients than in control subjects. Furthermore, we found a reduction of contrast sensitivity, of HFA pattern standard deviation and of mfERG R3/R1 ring ratio.
Retinal toxicity is probably due to the inhibition of lysosomal phospholipases and/or of protein synthesis with multilamellar structures accumulation through the retina. Histologically, this accumulation is followed by retinal ganglion cell loss, photoreceptor loss and RPE atrophy [6] . Rosenthal et al. reported that toxic doses of CQ administered to Rhesus monkeys caused an initial dramatic effect on RGCs, followed by photoreceptor loss and RPE degeneration [7] . Hallberg et al. found that morphological and biochemical signs of phospholipidosis were evident only in the RGCs of CQ-treated mice [6] Bonanomi et al. showed that patients under long-term CQ treatment could present a significantly reduced RNFL thickness compared to healthy subjects by means of scanning laser polarimetry GDx Nerve Fibre Analyser (software v.2.0.01), and that the RNFL loss was correlated to CQ daily dosage [11] .
Clinically advanced retinal toxicity could be easily evaluated with different tests as VA, standard visual field testing and ophthalmoscopy, but those tests do not seem to detect early stages [5] . For this reason, this study explored the possible detection of early functional retinal impairment using frequency-doubling technology.
The finding of a generalized reduction of retinal sensitivity to frequency-doubled stimuli in HCQ-treated patients might be related to a higher susceptibility of the magnocellular RGCs to HCQ; this might be responsible for the early selective loss of this cell component. Nonetheless, another possible explanation is that the MGCs have similar susceptibility to HCQ compared to other RGCs, but are simply less redundant than the whole RGC population, with no overlap between receptive fields, allowing the earlier detection of MGC loss if selectively stimulated with frequency-doubled stimuli.
In this study, patients were tested both 24-2 and 10-2 programs with both HFA and FDP. The spatial and temporal characteristics of Humphrey-matrix 10-2 test do not allow to the stimulus to appear to be frequencydoubled, so the threshold determination is a flicker sensitivity response, which corresponds to a contrast sensitivity test. The changes of Humphrey-matrix 10-2 found in this study are consistent with the results of Bishara et al., who showed that contrast sensitivity is reduced in the early phases of retinal toxicity [14] . Also the low-contrast sensitivity, evaluated with Multi-Contrast Sloan Letter Flip Book at 2 meters, was found to be reduced early in HCQtreated patients in the present study.
The Humphrey-matrix parameters showed abnormalities even in the presence of normal mfERG;, indeed, no statistically significant differences have been found between HCQ-treated patients and controls in the RAD in the mfERG in all rings. In the mfERG, the bioelectrical signal is derived from cones and bipolar cells, with smaller contribution from other retinal neurons. Since RGCs could be affected first, even in the absence of a defect in photoreceptor or bipolar cell function, we evaluated the abnormalities in Humphrey-matrix results that selectively study the MGCs. Early HCQ-induced changes could be detected early by detecting changes in the M-y ganglion cell population, which represents a low-redundancy system, and therefore could be followed with frequency-doubling perimetry.
It has been described in the literature that the first changes in mfERG occur in the paracentral regions, where the ratio of the rings may be affected [21] . Although the mean ring amplitudes appeared to be similar in this study between HCQ and controls, a statistically significant difference was found in the ratio between the outer ring R3 and the inner ring R1, supporting the finding of subtle early changes of retinal function. It should be also highlighted that more sophisticated, non-conventional methods of stimulation with mfERG have been described as detecting pre-clinical retinal function changes in HCQ-treated patients, emphasizing second-order adaptational effects such as modulated multifocal flashes with interleaved global flashes, as previously described in the paper by Penrose PJ et al. [22] No statistically significant relationship between functional data versus treatment duration was found, as explored by linear regression analysis in the present study. Nevertheless, a difference in functional parameters between longterm treated and short-term treated patients was found, indicating that there might be a threshold effect of treatment duration on visual function change, rather than a linear continuous effect causing a continuous decay over time. Nevertheless, despite the fact that the spectrum of treatment duration was broad in our sample population (3.5 to 156 months), most of the patients were treated between 3.5 and 50 months (32/48) and only 16/48 for a longer time, indicating that the lack of relationship found between functional data and HCQ treatment duration should be interpreted with caution.
Furthermore, the patients_ stratification according to the duration of the therapy indicated that patients that assumed therapy for a short period of time showed only minimal retinal functional changes, compared to larger changes observed in patients taking therapy over a longer period of time. Moreover, previously published studies reported that retinal toxicity related to HCQ treatement is related to the daily dosage per kg of body weight, and the American Academy of Opthalmology considers 6.5 mg/kg/day to be the highest safe dose of treatment, at least in the first 5 years [5] . In our study, the prescribed dose is constant (400 mg/day), and we assume that patients are fully compliant, but this could be a source of error in the evaluation of the relationship between retinal toxicity and treatment duration.
The results of our study indicate that retinal sensitivity as expressed by FDP MD in patients treated with a daily dosage >6.5 mg/kg is reduced compared to patients treated with lower daily dosages, while no differences were detected for other retinal function measures.
The Humphrey-matrix changes are present in the early phases, and they could be considered as good candidates for an early detection of the HCQ retinopathy and for its follow-up.
The differences in FDP values found in this study are moderate. This is a limitation for their use in clinical practice, even if these results are consistent with pathogenetic mechanism of HCQ retinal toxicity.
The presence of functional retinal changes in late-stage HCQ retinopathy could be related to the long duration of the HCQ therapy, but also to the long duration of the disease. In fact, a limitation of this study is that control subjects are healthy, rather than patients with rheumatic diseases but not taking HCQ.
In conclusion, functional retinal testing by frequencydoubling perimetry could be useful for the identification of early retinal impairment in HCQ-treated patients without any sign of clinically detectable retinal abnormalities, although broader diagnostic studies are required to accurately assess its sensitivity and specificity in clinical settings, for screening purposes and follow-up.
